In previous centuries, wolves were extirpated across much of their range worldwide, but they started to recover in Europe since the end of last century. A general pattern of this recovery is the expansion of the range occupied by local populations. The Iberian wolf population, shared by Portugal and Spain, reached its lowest extent and abundance around the middle of the twentieth century. Unlike other populations in Europe, its range recovery and pack counts seem to have stalled since the first Spanish country-wide census of [1986][1987][1988]. The population shows low effective population size and remains isolated from other European wolves. This is unexpected given the protection offered by European legislation, i.e., the Habitats Directive, and the apparent availability of habitat outside its present range. We compiled records of wolves killed legally in Spain, reviewed the legislative and management framework for the Iberian wolf population, and discussed potential implications of a policy of lethal management for the ecology, genetics and conservation status of wolves in the Iberian Peninsula. Wolves are strictly protected in Portugal. Meanwhile, they are subject to culling and hunting in Spain. No wolf was legally removed by culling or hunting during the study period in Portugal, whereas 623 wolves were legally killed in Spain between 2008 and 2013. Twenty-nine of those wolves were killed in areas under strict protection according to European legislation. Despite the transboundary nature of this wolf population, we are not aware of coordinated conservation plans. Management is further fragmented at the sub-national level in Spain, both due to the authority of Spanish autonomous regions over their wildlife, and because wolves were listed in multiple annexes of the Habitats Directive. Fragmentation of management was apparent in the uneven adherence to the obligations of the Habitats Directive among Spanish regions. A similar situation is found for other large predator populations in Europe. We suggest that lethal management as carried out in Spain is a hindrance to transit and settlement of wolves, both within and beyond the Iberian wolf population. Reducing the pressure of lethal management appears a feasible policy change to improve the conservation status of the population and foster transboundary connectivity.
Introduction
The key role of large carnivores in the functioning of ecosystems has been demonstrated in a variety of environments (Estes et al. 2011) . Grey wolves (Canis lupus) are particularly important apex predators because of their large natural distribution across the entire Holarctic, and the ability of wolf packs to take down large prey (Mech and Peterson 2003; Wallach et al. 2015) . Given their importance in the functioning of ecosystems, several international agreements rule their conservation and management. At the European level, those include the Convention on the Conservation of European Wildlife and Natural Habitats (the Bern Convention; Council of Europe 1979), and the Habitats Directive (European Union 1992) .
Awareness of their ecological role is relatively recent. Historically, wolves were extirpated in much of their range, mostly during the last few centuries (Breitenmoser 1998; Leonard 2014) . More recently, changes in economic drivers and human land uses have had a generally positive impact on wolf conservation status. Despite the historical persecution that has deeply altered the genetic structure and long-term viability of European wolf populations (Hindrikson et al. 2017) , wolves have recolonized in the last decades some of their lost range, both in North America (Leonard et al. 2005) and in Europe (Chapron et al. 2014a; Gippoliti et al. 2018) . Recolonization has been documented in Italy, Switzerland, and France (Galaverni et al. 2016) . The eastern wolf population in the southern Baltic and Carpathians has expanded into Poland, spreading to Denmark through Germany (Wagner et al. 2012; Andersen et al. 2015) . The northern population in Russia and Finland triggered the recovery in Scandinavia (Vilà et al. 2003) . This overall positive trend led the IUCN to change the listing of wolves from Vulnerable in 1994 to Lower Risk in 1996 and to Least Concern in 2008.
Meanwhile, the Iberian wolf population shared by Portugal and Spain has not shown an analogous recovery from past bottlenecks. In Portugal, which nowadays includes approximately 16% of the range of the Iberian wolf population (Chapron et al. 2014a, b) , wolves declined through the twentieth century in both range and numbers (PetrucciFonseca 1990; Kaczensky et al. 2012; Torres and Fonseca 2016) . The Spanish wolf population reached its lowest point ca. 1970s (Deinet et al. 2013 ) from a widespread presence in the second half of the nineteenth century (Rico and Torrente 2000) . From its nadir, and probably in association with changes in its legal status, the population started to recover, extending their range in northwest Spain. In 1986 -1988 packs were estimated in Spain in the first country-wide census, occupying about 100,000 km 2 , mostly in the northwestern quarter (Blanco et al. 1992 ). The second country-wide Spanish census tallied 297 packs between (MAGRAMA 2016 , largely in the same NW area of the first census. Between those census, other estimates mentioned 250-263 packs (Palomo et al. 2007; Blanco and Cortés 2012) , although these are not methodologically comparable to the country-wide censuses. The 2012-2014 census found comparatively more wolf packs in the northern parts of the range, but did not find packs in Sierra Morena (Fig. 1a) , from where wolves had been reported in a small detached nucleus following the rapid contraction of their range in the first three quarters of the twentieth century (Padial et al. 2000; Rico and Torrente 2000; López-Bao et al. 2015) . Besides the Spanish survey, wolves dispersing from the Alpine-Italian population (Valière et al. 2003; Fabbri et al. 2007; Louvrier et al. 2017 ) have also been detected in the eastern Pyrenees about 350 km east of the present range of the Iberian wolf population, although reproduction has not been confirmed. Fig. 1 a Sectors of wolf protection/management in the Iberian Peninsula, and distribution of lethal management. The map shows the administrative units in Spain and Portugal. Shading indicates wolf range in the Iberian Peninsula and southern France; lighter shading indicates sporadic presence (modified from Chapron et al. 2014a, b 1 3
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In the light of the recovery of some European wolf populations, the relative stability in the current range in the Iberian Peninsula is striking because they are under the same international, protective legislation. The details of such protection, however, vary substantially among signatory countries and even within them (Trouwborst 2014a) . Species of community interest in the Habitats Directive are listed in different annexes, which confer varying degrees of protection, and varying levels of commitment from signatory states. Wolves in Portugal are included in Annex II of the Habitats Directive as 'species of community interest whose conservation requires the designation of special areas of conservation', and in Annex IV as 'animal and plant species of community interest in need of strict protection'. In contrast, in Spain the Habitats Directive established the Douro River as the boundary for different schemes of protection (Fig. 1a) . North of the Douro River wolves are in Annex V of the Habitats Directive, as 'species of community interests whose taking in the wild and exploitation may be subject to management measures'. Wolves in the Spanish territories located south of River Douro are in the same annexes II and IV as in Portugal (Fig. 1a) . However, if they roam east outside the southward projection of River Douro, they enter a legal vacuum (Fig. 1a; Trouwborst 2014a ). In addition, wolves in territories under Annex II and IV in Spain can be killed as exceptions to the Habitats Directive.
Here we review the legal status and, where applicable, the policy of lethal management of the Iberian wolf population across the different regions in the Iberian Peninsula. We compiled official numbers on wolf culling and hunting from 2008 to 2013, the period for which we could gather consistent data from the various autonomous regions in Spain that used lethal management. Records of killed wolves usually included date and county or municipality; further information on age, sex, condition of the individuals, or finer scale location, were generally not available. Since wolf hunting in Spain is used as a management tool, we merged data on culling and hunting as overall lethal management. Both were indiscriminate with respect to age, sex, or the involvement of individual wolves in livestock damages. Below we discuss the potential implications of lethal management on the Iberian wolf population, particularly those related to its effective conservation status.
Legislative framework and management plans
In Portugal wolves were strictly protected at the national level ('Lei 88/90 Proteçao do lobo ibérico') before the release of EU's Habitats Directive in 1992. The legal text is unambiguous, targeting the recovery of the population and its natural prey base, and improving the social acceptance of the species. In exceptional cases, individual wolves could be removed by government officials; those exceptions were to be checked against the Bern Convention, so that 'there is no other satisfactory solution and that the exception will not be detrimental to the survival of the population concerned' (article 9). Later, article 16 of the Habitats Directive included similar exceptions. More recently, a decree developed the previous law ('Decreto-Lei 54/2016'), established provisions for the management of compensatory payments of livestock depredations, and mandated the development of an action plan. The latter was recently published ('Despacho 9727/2017') and referred explicitly to the maintenance of a favorable conservation status, and the need for coordination of policy with Spain. The Portuguese action plan mentions illegal persecution and other human causes of mortality among the threats for the wolf population.
In Spain, the transposition of European directives is the responsibility of the national government, while the actual management of biodiversity, including wolves, is the responsibility of the regional governments (Table 1) . Spain implemented the Habitats Directive through a national law ('Ley 42/2007') that set the Douro River as the boundary between two management zones. The law also created a national list of protected species, but unlike the transposition of annexes of the Habitats Directive, wolves were included in that list referring only to the regions of Andalucía, Extremadura and Castilla-La Mancha, all located south of the Douro River. The legal and management frameworks became more complex because several Spanish regions include several provinces, which also have some degree of management authority. In addition, the territory of some Spanish provinces spans the Douro River management boundary (Fig. 1a) . For instance, Zamora harbors about 45 wolf packs, some shared with Portugal, and is divided by Douro River into a 'management side' under annex V of the Habitats Directive, and a 'strict protection' side under annexes II and IV (Table 1) .
Most wolves in Spain are in three neighboring regions: Galicia, Castilla y Leon, and Asturias; the first two share boundaries and wolf packs with Portugal (Fig. 1a) . Each one has its own management plan (Table 1) ; all three stressed the ecological and cultural importance of wolves, and all three listed extensive livestock practices and the social conflict related to them as the main reasons to include lethal management provisions. Galicia and Castilla y León acknowledged in their plans that they share wolves with Portugal, although only the latter suggested connectivity as a goal. Beyond that, plans are quite different in objectives and implementation. Ensuring population viability is explicit in the Galician management plan, whereas in Asturias the wording of the plan emphasizes extensive livestock practices and predator tolerance in rural areas. Castilla y León and Galicia considered wolves as a game species. Castilla y León explicitly set quotas of annual exploitation that varied from 5 to 28%, and planned counting wolf packs every 10 years. Wolf hunting quotas in Galicia were assigned in response to depredations on livestock, and the plan established management zoning that included hunting in some zones, culling in response to specific livestock depredation events in others, and zones with no lethal management at all. The Galician plan mentioned that illegal human actions accounted for at least 20% of wolf mortality in the territory. Asturias did not consider wolves as game species but stated the need to control the population. It planned annual culling quotas based on wolf abundance, complaints on livestock depredations, and social conflict. However, counts of packs were the only available annual metric of wolf abundance, and there were no formal descriptions or measures of that social conflict (Fernández-Gil et al. 2016) . Interpreting the legal language of these management plans is not straightforward, but, in practice, lethal management is much less intense in Galicia than in Castilla y León and Asturias (Table 1) .
Several Spanish regions lack management, recovery or conservation plans for wolves in their territories. For example, Cantabria and La Rioja, in annex V of the Habitats Directive, have relatively high culling and hunting pressure but no plans (Table 1) . In contrast, a province in the Basque Country where wolves are barely present (Araba , Table 1 ), has its own plan, including the goal of culling wolves to restrain them. The lack of recovery plans is striking in regions under annexes II and IV of the Habitats Directive ( Fig. 1a ; Table 1 ), despite the recognized unfavorable conservation status. For instance, wolves are listed as severely endangered ('en peligro de extinción') in regional lists of Castilla la Mancha, Extremadura and Andalucia, but these regions lack recovery plans (Table 1) . Furthermore, in Murcia, southeast Spain, wolves are classified as extinct, but no recovery plans were implemented. We would have expected to find plans for the regions including the Pyrenees, which occasionally receive wolves from France (Valière et al. 2003; Louvrier et al. 2017) , bringing an opportunity for the recovery of the once lost genetic flow between southern European wolf populations (e.g. Hindrikson et al. 2017 ). However, Catalonia, Aragón and Navarra (see Fig. 1a ) lack published action or recovery plans.
Management-related mortality
No wolf was legally removed by culling or hunting during the study period in Portugal. Conversely, lethal management programs took place yearly in most Spanish regions where wolves were present ( Fig. 1a ; Table 1 ). The lethal management in the period represented an overview of management schemes, though not so much the exploitation intensity of the various regions, which may show discrete blanks and spikes. For instance, 109 wolves were legally killed in Castilla and León in 2017. The relative intensity of lethal management varied among regions, and among provinces within those regions; several provinces clearly stood out (Table 1) . Particularly noticeable was wolf culling in Ávila and Salamanca provinces, both south of Douro River and thus under annexes II and IV of the Habitats Directive, where wolves have a very limited distribution. North of that management boundary, the province of Zamora and regions Cantabria and Asturias showed the highest intensity of lethal management relative to wolf range (Table 1) , regardless of their different consideration of wolves as game or non-game species. Lethal management was carried out even in management units with only one wolf pack in recent years (Table 1) , and in regions outside the present, contiguous range of the species ( Fig. 1) . At least 623 wolves were culled or hunted in six Spanish regions during 2008-2013 (Table 1 ; Fig. 1 ). Most (594 wolves) were killed north of the Douro River (Annex V of the Habitats Directive). The remaining 29 wolves were killed south of Douro River, despite the legal mandate to designate special areas of conservation and strict species protection (Annexes II and IV of the EU's Habitats Directive, respectively; Fig. 1 ). Those wolves killed under Annexes II and IV were exceptions to article 12 of the Habitats Directive. Such exceptions are in principle connected to article 16, which allows member states to ask for them, 'provided that there is no satisfactory alternative and the derogation is not detrimental to the maintenance of the populations of the species and to its favourable conservation status in their natural range' (see also discussion in Rosen and Bath 2009). The Directive provides coverage for several types of exceptions; one of them was removing individuals 'to prevent serious damage, in particular to crops, livestock, forests, fisheries and water and other types of property'. The Directive however does not define 'serious damage' or 'satisfactory alternative'. Additionally, what could be detrimental to the favorable conservation status of concerned populations is debatable (Epstein et al. 2015; Trouwborst et al. 2016) . Therefore, it remains subjective whether the response-killing wolves-is proportional to the predatory damage, and if it is actually a consequence of lacking proactive alternatives, like appropriate livestock husbandry. Here we seek to improve our understanding of biological aspects of the much quoted 'favorable conservation status', a guidance concept for member states to achieve the goals of the international agreement (Epstein et al. 2015) , because those aspects were not fully considered when the term started appearing in environmental legislation. As it stands in the Habitats Directive, the favorable conservation status is clearly related to population viability and sustainability (e.g., definitions in Article 1; European Union 1992), hence we use it as reference to discuss implications of Spanish lethal management in the context of conservation biology.
Numerical sustainability of lethal management
Lethal management is often discussed in terms of numerical sustainability. A frequent albeit crude approach to the discussion focuses on the percentage of the wolf population taken each year. A 30% exploitation threshold has been often used as benchmark for numerical sustainability of wolf populations, but with a large uncertainty on that threshold (reviewed in Fuller et al. 2003 ; see also Adams et al. 2008) . To apply that benchmark to the Iberian wolf population, we would need to know several population parameters that are just not available. Regarding population size, a recent Spanish estimate counted 297 wolf packs in the period -2014 (MAGRAMA 2016 , and about 55 additional packs were reported in Portugal (Torres and Fonseca 2016) . Using rough estimates of the average number of wolves per pack, one could get values as disparate as 1400 or 3000 wolves in the Iberian population, using either winter (after dispersal and winter mortality) or summer (including pups) averages, respectively (e.g., . These figures suggest a relatively large population size in the European context. However, the associated uncertainty is very large, and an average harvest figure cannot be assumed to be representative of the whole Iberian area (Table 1) . Some packs are rarely targeted, especially those that hold territories farther away from human interest, or in regions where socio-political pressure is low (Woodroffe 2000; Chapron and López-Bao 2014; Fernández-Gil et al. 2016) , whereas packs at the border of the wolf range sustain harvest despite of tenuous wolf presence (Table 1) . This variation has many effects, including pack size. In such situations, a framework considering sources and sinks would offer better insights into population dynamics and management implications, e.g., present management of wolves may affect the possibilities of range expansion, a topic further discussed below.
Beyond the 30% threshold mentioned above, it is still debated whether human-caused mortality rates in wolves is additive, super-additive or, on the contrary, compensatory (Creel and Rotella 2010; Gude et al. 2012) . We suggest that a rough stability in population size may not be considered a valid indicator of sustainability, much less of favorable conservation status. Randomly distributed mortality may be compensated by high birth rates, but the effect of the population turnover on the social organization and behavior, e.g., ability to take down large wild prey, or on the gene flow and connectivity across the population, are difficult to assess. Whereas exploitation may depress the growth rate of wolf populations, should that be the goal, it should not occur at levels incompatible with the obligations of conservation-oriented legislation.
Any management plan including conservation of a favorable population status as a goal needs to take into account that the reported number of wolf deaths are minimum numbers. There is high uncertainty around the number of accidental wolf deaths (Colino-Rabanal et al. 2011) and, specially, poaching. The number of cryptic deaths due to poaching can actually reach similar proportions as those of legally killed animals (Liberg et al. 2011; Suutarinen and Kojola 2017) . Several studies have stressed recently that legal killing may not be the best approach to reduce illegal mortality of wolves (Chapron and Treves 2016; Suutarinen and Kojola 2018) , or to solve livestock depredations (e.g. Treves et al. 2016) . Although no legal wolf killing occurred in Portugal during the study period, no range expansion was detected, and a large level of illegal mortality is reported to be the driver of the dynamics (Torres and Fonseca 2016) . Despite the potential importance of cryptic deaths, the lethal management policies we reviewed here were not based on estimates of whole mortality rates. Such a management scenario is at odds with Articles 11 and 14 of the Habitats Directive, which require that Member States monitor the conservation status of listed species.
Intrapopulation differentiation and genetic status
Individuals do not contribute equally to population growth rate or gene flow, and such population heterogeneity has to be considered in management (Bolnick et al. 2003; Alexander and Sanderson 2014) , although it is not in Spain. Among other key components of population biology, the effective population size (Ne), the number of individuals that contribute to the reproduction every generation (Frankham 1995; Palstra and Fraser 2012) , is particularly relevant to evaluate the viability of populations and the outcome of management policies (Shaffer 1981; Laikre et al. 2013; Frankham et al. 2014) . The effective population size of Iberian wolves has been estimated, and at Ne < 60 it is much lower than any estimate of census population size, indicating that the population went through severe bottlenecks not too long ago (Sastre et al. 2011; Pilot et al. 2014; Gómez-Sánchez et al. 2018) .
Beyond considerations of population genetics in the evaluation of favorable conservation status, lethal wolf management, as implemented in Spain, does not target specific individuals. Therefore, it does not take into account issues like changes in selective forces (Darimont et al. 2009 ), social status or pack stability (Wallach et al. 2009; Borg et al. 2014) , characteristics of the individuals (age, sex, physical condition etc.), or the source and bearing of killed individuals. Wolves are social animals that live in family groups, and younger individuals often disperse from their natal pack (Mech and Boitani 2003) , sometimes traveling hundreds of kilometers before eventually settling into a new area (Vilà et al. 2003; Blanco and Cortés 2007; Andersen et al. 2015) . As in many other vertebrate species, wolf dispersal can yield range expansion or recovery through settlement of young individuals, and genetic exchange through outbreeding of long-distance dispersers. However, unexpectedly high levels of genetic structure, compatible with lower than expected intrapopulation dispersal, have been recently reported in Iberian wolves (Silva et al. 2018) . Dispersing wolves travel through unfamiliar terrain, and sometimes through already held wolf territories, which increases their risk of being hunted or culled (Mech and Boitani 2003; Schmidt et al. 2017) . There is evidence that exploitation reduces local dispersal, emigration, and immigration of wolves, either as direct demographic compensation for human exploitation (Adams et al. 2008) or as a consequence of reduced intraspecific competition (Rick et al. 2017) .
The recovery and favorable conservation status of wolf populations requires a proper functioning of dispersal. In the Iberian context, dispersal could alleviate the genetic consequences of past bottlenecks (Vilà et al. 2003; Sastre et al. 2011; Pilot et al. 2014; Gómez-Sánchez et al. 2018) , providing genetic and demographic rescue to the endangered wolves in Portugal (Torres and Fonseca 2016) , and reaching Spanish areas where they were recently extirpated or their presence is sporadic (Echegaray and Vilà 2010; López-Bao et al. 2015; Gómez-Sánchez et al. 2018) . Elsewhere, dispersal is helping wolf recovery after historical decline and isolation (Fabbri et al. 2007 ). Arrival of wolves from the Alps to the eastern Pyrenees (Valière et al. 2003; Deinet et al. 2013; Louvrier et al. 2017) raised the possibility of recovering gene flow between Iberian and other European wolves. However, that possibility also depends on the arrival of Iberian wolves to the east of their present contiguous range, which, despite the size of the Iberian wolf population in a western European context, has not been documented (Hindrikson et al. 2017 ). Such gene flow, which does not necessarily involve many individuals (e.g. Fabbri et al. 2007) , could have beneficial effects for the Iberian population after centuries of isolation (Sastre et al. 2011; Hindrikson et al. 2017) . Dispersal from Iberia could also benefit inbred Italian wolves (Pilot et al. 2014; Hindrikson et al. 2017) , and wolf recovery in France. In theory, dispersal to a species' former natural range is explicitly favored by the Habitats Directive, for example Articles 1i, 2 and 12 (see also Trouwborst et al. 2015) , and is implicit in the inclusion of wolves in Annexes II and IV in the southern Iberian Peninsula.
Transboundary management and isolation
Although in biology it is clear that wildlife heeds no administrative boundaries, the human side of the conservation equation is indeed affected by those boundaries, sometimes creating a mindset that overrides the biological meaning of populations. The issue is increasingly recognized in the scientific literature (Rosen and Bath 2009; Trouwborst 2015; Thornton et al. 2018) . Like other large carnivores, wolves in western Europe have a discontinuous range resulting from persecution and habitat loss in recent centuries (Fig. 1b) . The contraction resulted in the relatively small and genetically differentiated Iberian and Alpine/Italian populations (Pilot et al. 2014) . They have been isolated for a long time from other populations, making them particularly good candidates to provide and receive demographic and genetic rescue with other populations (e.g., Hindrikson et al. 2017) . Isolation from other wolf populations is therefore a relevant aspect to consider when evaluating lethal management of Iberian wolves, and the same applies to other populations (Kojola et al. 2009 ). The scenario is not comparable for those populations used to study numerical sustainability of human exploitation of wolves in North America, or even in specific parts of Europe (Śmietana and Wajda 1997) . The wolf population in eastern Europe is at the edge of the large and less fragmented wolf range towards the Eastern Palearctic (Fig. 1b) , a situation reflected in the higher genetic diversity of those wolves (Hindrikson et al. 2017) . The existence of larger, relatively contiguous wolf range alongside areas where wolves sustain lethal measures may drive a management scenario of source-sink dynamics (Novaro et al. 2005 ), which at least ought to be considered if discussing numerical sustainability of lethal management within given administrative boundaries. A local population subject to lethal management might appear sustainable if a neighboring one acts as source of incoming individuals (see also Schmidt et al. 2017) .
Most European wolf populations are transboundary (Fig. 1b) . The Iberian population is shared by Portugal and Spain; the Alpine-Italian population, by Italy, France, and Switzerland (Fabbri et al. 2007 ). Norwegian wolves are just a little part of the Scandinavian wolf population (Svensson et al. 2015; Hindrikson et al. 2017 ), which in turn has partially recovered after the arrival of long-distance dispersers from eastern Europe (Vilà et al. 2003) . Further south, the eastern European wolf population extends over lands belonging to more than twelve countries. Any of those countries could use a different approach to wolf management, which would affect not only the wolves that live or traverse their own lands, but the whole shared population. The wolves of the Białowieża Primeval Forest, for example, span the Poland-Belarus border, and sustain heavy hunting on the Belarussian side (Jedrzejewski et al. 2005 ). As mentioned above, the Iberian population is strictly protected in Portugal since 1988, yet it is subject to culling and hunting just across the border in Spain ( Fig. 1a; Table 1 ). Italy does not use lethal management, but France recently programmed annual culling on its portion of the shared population (Ministère de la Transition Écologique et Solidaire 2018). This decision could compromise the incipient genetic flux within, towards, and from the population, including the potential contact with the Iberian population (Valière et al. 2003; Louvrier et al. 2017) . Even in the larger Eastern-Central wolf population, lethal management of wolves in Slovakia appears to affect their conservation status across the border in the Czech Republic (Kutal et al. 2016) . These transboundary problems are not exclusive of wolves but occur at least in other populations of large carnivores. In Scandinavia, for instance, Sweden is a source and Norway a sink for the wolverine population (Gervasi et al. 2015) , and the eventual recovery of brown bears in Norway depends on the arrival of bears from Sweden (Gilroy et al. 2015) . Despite the clear transboundary nature of populations of large carnivores (Linnell et al. 2008) , the 1 3 European Union and its legislative instrument the Habitats Directive led to management and conservation plans at a national level (Rosen and Bath 2009) .
The discussion about transboundary populations seems easier to comprehend, and it is certainly easier to document, at the country level. However, it applies also at the sub-national level. The administrative framework of the Iberian wolf population includes two countries that are member-states of the European Union, and 17 regions in Spain that retain management authority (Table 1) . Eight of those regions had wolves in the most recent count of packs (MAGRAMA 2016) . The fragmented management of Iberian wolves actually results in uneven adherence to the obligations of the EU Habitats Directive, which are followed closely by some regions, loosely by others, or disregarded completely by other regions that conducted "population control" campaigns despite of minimal wolf presence (Table 1 ; Fig. 1a ). Lethal management in the latter case is especially at odds with article 15 of the Habitats Directive, which required that member states 'shall prohibit the use of all indiscriminate means [of population control] capable of causing local disappearance of, or serious disturbance to, populations'. Another remarkable circumstance is that regional administrations are responsible for the establishment and implementation of lethal management measures, but are not accountable to international agreements, including the Bern Convention and the Habitats Directive, subscribed by the national government. The fragmentation of management strategies could result in regions or states ignoring conservation agendas and implementing aggressive actions, while assuming that those would have only minor effects on the total population. Thus, the survival of local populations would depend on the conservation programs in neighboring countries and regions being sufficient to provide dispersers to fill those population sinks.
Administrative fragmentation of wolf management may occur in other European countries, especially those where regional governments hold management responsibilities. That could be the case for instance in Austria, where federal states have the hunting and conservation authority (Schäfer 2012) , or Germany, where authority is similarly or even further decentralized (Kaczensky et al. 2012 ). In addition, several countries where wolf management is in principle centralized still show fragmentation. In Italy, regional administrations vary widely in handling compensation to depredations, irrespective of wolf abundance (Boitani et al. 2010) . In Serbia, management is also fragmented, even distinguishing between wolf males and females or pups (Kaczensky et al. 2012) . Finland discriminates wolf management in its reindeer zone, where lethal management is more intense (Kaczensky et al. 2012; Trouwborst 2014b) . In addition, the EU Habitats Directive splits wolf management in Greece along the 39°N parallel, placing wolves in the south in Annex IV (strict protection), and wolves in the north in Annex V (may be subject to management).
Other plausible factors limiting range recovery
Besides lethal management, there could be additional determinants of the apparent lack of range recovery of wolves in the Iberian Peninsula. For instance, recovery may be hampered if areas outside the current range had become too human-dominated, beyond the ability of wolves to traverse or settle. The Iberian Peninsula has an average human density of about 100 people/km 2 , and it is crisscrossed by numerous linear and often fenced infrastructures (Blanco and Cortés 2007; Rodríguez-Freire and Crecente-Maseda 2008) . However, human population has been declining in the regions where conflict with predators is most frequent (MARM 2009 ). In addition, not all landscapes are equally human-dominated. The Iberian Peninsula contains extensive areas outside the present wolf range where human 1 3 appropriation of primary production (Haberl et al. 2007 ) is presently comparable to that of areas used by wolves. Habitat suitability analyses recently reported that substantial habitat exists outside the present wolf range, both at a fine spatial scale that would reflect suitability as breeding habitat, and at coarser spatial scales that would indicate presence and traversing suitability (Grilo et al. 2018) . In addition to overall habitat availability, an important fraction of wolves' former range in Iberia includes areas listed as candidates to the Natura 2000 network of protected areas (European Environment Agency 2018), especially south of the Douro River and in the central part of the Iberian Peninsula. These sites may provide important stepping stones for wolves dispersing across more developed landscapes, and seem like an appropriate target for Spain and Portugal to meet the requirements of Annex II of the Habitats Directive, 'the designation of special areas of conservation', for those species listed in them. Additionally, the recovery of wild ungulate populations is evident in the Iberian Peninsula, even in agricultural landscapes (e.g., Apollonio et al. 2010) , so the availability of wild prey should facilitate the colonization of new areas by wolves without major conflict with human interests. The present combination of available habitat and productivity suggest that the return and settlement of wolves to historical reaches of their range is ecologically feasible. Recent models based on niche analyses, and current and historical distributions of large carnivores in Europe arrived at similar conclusions (Milanesi et al. 2017) .
Obviously, the difficulties for range recovery of a large carnivore in the Iberian Peninsula and beyond should not be oversimplified. Despite the protective EU legislation and availability of habitats and prey, a complex mixture of factors is probably behind the difficulties of wolves to effectively disperse out of the present contiguous range. Private land ownership and pressures from special-interest lobbies may undermine an otherwise valid legislation, and certainly complicate management . In addition, dispersing wolves likely have a higher mortality rate due to intraspecific strife, accidents or poaching, as discussed above, and may show habitat-biased dispersal (Pilot et al. 2006; Leonard 2014) . Nevertheless, while removing physical and societal barriers to animal movements and alleviating the human footprint are complicated tasks on the short term, reducing lethal management pressure in Spain seems a feasible policy change. This single change could improve the connectivity and thus the conservation status of the Iberian wolf population.
Conclusions
Multiple facets may be considered to address the implications of lethal management of wolves as implemented in the Iberian Peninsula. However, besides discussing some of those facets, we remain aware of the management mindset (e.g., Ludwig 2001), which seems to center discussions on quotas of exploitation. Removing individuals from wild populations of large carnivores is certainly not mandatory, regardless of the outcome of discussions on its numerical sustainability (Artelle et al. 2013 ; see also Darimont 2017) . Lethal management is instead a policy option, which seems particularly debatable in the case of apex predators (Ordiz et al. 2013; Wallach et al. 2015) , often implemented to reduce conflicts (Fernández-Gil et al. 2016; Chapron and Treves 2016; Treves et al. 2016) , under the premise of maintaining a favorable conservation status. The goal of conservation biology is not merely keeping a vague notion of enough animals, or the presence of species in a territory, but a functional assemblage of species (e.g., Soulé 1985) . Managing towards that goal requires incorporation of the full range of ecological characteristics of the populations. Consider for instance how clear it is today that migration corridors and wintering grounds are crucial for bird conservation (e.g., Donald et al. 2007 ). In the case of wolves, a social structure based on family relations and a tendency for long-distance dispersal are similarly key characteristics, disturbed by hunting and culling. European wolf populations have increased in the last 30 years, both in numbers and range; however, despite its relatively large size, the wolf population in the Iberian Peninsula has remained isolated. Concurrently, the Sierra Morena wolves may have been extirpated, after showing high levels of inbreeding and introgression with dogs (Gómez-Sánchez et al. 2018 ). Yet we are not aware of effective efforts to coordinate conservation plans across countries, or regions.
